Spores of gerB spore germination mutants of Bacillus subtilis 168 are defective in response to the germinative mixture of L-asparagine, glucose, fructose and potassium ions (AGFK), but are normal in the L-alanine (ALA) triggered germination response. A 3. clone of 15 kbp carrying the gerB region has been identified. Sequencing of the gerB region of the clone revealed a cluster of three ORFs encoding putative proteins of 53.3,41.3 and 42-4 kDa (GerBA, GerBB and GerBC, respectively). The first two of these proteins have substantial hydrophobic regions and the third i s a possible lipoprotein. A t least two, and probably all three products are required for normal germination in AGFK. The three proteins form a set of homologues of the products of the gerA operon, mutations in which cause a defect in the ALA germination pathway, but cause no defect in AGFK. The GerB proteins show 42%, 31 O/ O and 3 5 % identity a t the amino-acid level to the corresponding GerA proteins, and the homologues occur in the same order in both operons.
Spores of gerB spore germination mutants of Bacillus subtilis 168 are defective in response to the germinative mixture of L-asparagine, glucose, fructose and potassium ions (AGFK), but are normal in the L-alanine (ALA) triggered germination response. A 3. clone of 15 kbp carrying the gerB region has been identified. Sequencing of the gerB region of the clone revealed a cluster of three ORFs encoding putative proteins of 53.3,41.3 and 42-4 kDa (GerBA, GerBB and GerBC, respectively). The first two of these proteins have substantial hydrophobic regions and the third i s a possible lipoprotein. A t least two, and probably all three products are required for normal germination in AGFK. The three proteins form a set of homologues of the products of the gerA operon, mutations in which cause a defect in the ALA germination pathway, but cause no defect in AGFK. The GerB proteins show 42%, 31 O/ O and 3 5 % identity a t the amino-acid level to the corresponding GerA proteins, and the homologues occur in the same order in both operons.
INTRODUCTION
Spores of Bacillus stlbtilis 168 have two known germination reponses, which have been well-characterized : they germinate in response to alanine alone (ALA) or to the mixture of asparagine, glucose, fructose and potassium ions (AGFK). Spore germination (ger) mutants have been isolated which are defective in either or both of these responses (Moir & Smith, 1990) , which suggests that there are separate germinant-specific triggers, with a later convergence of the germination pathways.
Of all theger mutants the only ones with a specific defect in ALA germination result from mutation in the gerA operon (Moir & Smith, 1990) . This is a tricistronic operon which encodes proteins of 53.3,41.3 and 42.4 kDa, all of which could be membrane-associated (Feavers e t al., 1985; Zuberi etal., 1987) . ThegerA operon is expressed in the forespore compartment of the developing sporangium Abbreviations: AM, L-alanine; AGFK, L-asparagine; glucose, fructose and K' ions (germinative mixture).
The GenBank accession number for the nucleotide sequence reported in this paper is L16960. from a promoter recognized by EoG, and it has been suggested that the proteins form a complex at the inner spore membrane which acts as a receptor for alanine (Feavers e t al., 1990) .
Mutants of gerB and gerK have defects specifically in the AGFK response but retain a normal ALA response (Moir et al., 1979 ; Irie e t al., 1982) and gerK has been associated with the glucose component of the response on account of the inability of glucose to improve the ALA response in gerK mutants under certain conditions (Irie e t al., 1982) . This effect is not seen in gerB mutant spores (McCann, 1989) . Mutants of gerD appear to be defective in both germination pathways to some extent (Moir e t al., 1979) ; however the product of gerD may be associated with the fructose component of the response (Irie e t al., 1986) . The Although tag (teichoic acid biosynthesis) and gerB have not been mapped relative to one another, available data place them near to each other on the chromosome, with gerB on the ori-proximal side (Piggot etal., 1990) . We have identified a AEMBL4 derivative carrying gerB from a series of overlapping clones of the targta region. Sequence information indicating the possible nature of the gene products, reported here, has provided more essential information in the attempt to identify the mechanism of spore germination. Yon et al. (1989) . Transformation of B. subtilis was by the method of Anagnostopoulos & Spizizen (1961) and of E. ioli by the method of Mandel & Higa (1970) . Ger phenotypes were scored on plate tests as described by Irie et al. (1982) . DNA manipulation. Plasmid and chromosomal DNA prrparation, restriction, ligation and gel electrophoresis were carried out as described by Sammons et al. (1987) . All subcloning was done using pMTL20EC in DH5a. 1 DNA preparation was as described by Maniatis et al. (1982) , using E. coli P2392 as a host.
METHODS
Purification of restriction fragments from gels was achieved using Geneclean (BiolOl). DNA sequencing. Restriction fragments of 150-1500 bp were 
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Identification of a gerB clone and sequencing
Mauel e t al.
(1 989) identified clones carrying the tag region in a AEMBL3 bank and Young e t a/. (1989) subsequently extended the cloned region by chromosome-walking using AEMBL3 and AEMBL4 banks. AsgerB was thought to be on the ori-proximal side of tag, the appropriate clone, AE51, was screened for the presence of gerB. As Ger' phenotypes cannot be selected directly, gerB pheA derivatives of L5047 were made for screening purposes. DNA from strains carrying either thegerB 75 or thegerB 78 allele, 5182 and 4688, respectively, was used to transform strain L5047. Selection was for Met' and transformants were screened to find strains with a Ger-phenotype. Appropriate double mutants, strains 5304 and 5301, were transformed with a mixture of 0.5 pg DNA from a A clone carrying Phe' DNA and 5 pg AE51. One hundred and fifty transformants from each cross were screened for their Ger phenotype using a modification of the tetrazolium test (Irie e t al., 1982) and it was found that in congression experiments with the AE51 DNA present both the gerB alleles were corrected, with about 50% of the Phe' transformants having a Ger' phenotype. Congression experiments with AE51 -derived plasmid subclones in place of AE51 revealed the approximate location of two of the gerB alleles within the clone (Fig. 1 ).
The sequence of thegerB region was generated by dideoxy sequencing of small restriction fragments subcloned in plasmid vector pMTL20EC (Chambers et al., 1988) as described in Methods. All restriction sites were overlapped in the sequence.
Computer analysis of the sequence
The sequence of 3.8 kb was analysed using the UWGCG package, version 7.1 (Devereux e t al., 1984) located in front of their start codons (see Fig. 2 ). This arrangement suggests that thegerB mutations may identify an operon. There is no obvious terminator after gerBC, but no start of another ORF.
The predicted molecular masses of GerBA, GerBB and
GerBC are 53.971, 41.709 and 42.468 kDa, respectively.
Database searches using the UWGCG Fasta program revealed extensive homology between the polypeptides encoded bygerB and those encoded by thegerA operon as shown in UWGCG Gap comparisons ( Fig. 3a-c) . The homology exists across the full length of the genes' products and all the pairs of proteins are of similar size.
GerBA and GerAA are 42% identical at the amino acid level, and show 66 YO similarity, taking conservative substitutions into account, of the primary sequence.
Hydroplots (Kyte & Doolittle, 1982) show a central hydrophobic domain sandwiched between a large hydrophilic domain at the N-terminus and a smaller one at the C-terminus of GerBA (Fig. 4a ). The polypeptides are well-conserved at the functional level, but the hydrophobic domain shows the greatest level of identity. This is unusual, as hydrophobic regions are generally conserved for functionality rather than identity (e.g. Hiles e t al.,
1987;
Higgins e t al., 1990).
A further possible member of the GerAA/GerBA group is the spoVAF gene product. The hydroplot of GerBB (Fig. 4b) shows that it is predominantly hydrophobic with no large hydrophilic regions. There is homology across the whole length of the GerAB/GerBB polypeptides but, as is common for hydrophobic proteins, this is at the functional (60% conservative substitutions) rather than identical (30 YO identity) level.
The hydrophobic domains of both GerBA and GerBB are similar in size to their GerA homologues, but their hydroplots are not as clearly defined as for GerAA and GerAB, making estimation of the number of membranespanning helices difficult on the basis of these data. However the close similarity with the gerA products, and the clarity of the hydroplots of the latter, could suggest that GerBA and GerBB have seven and 10 or 11 transmembrane regions, respectively. If this is correct then the hydrophilic domains of GerBA would be on opposite sides of the membrane.
GerBC is predominantly hydrophilic, but has a small hydrophobic region at the N-terminus which has homology to the signal sequence for exported prokaryotic lipoproteins (Yamaguchi etal., 1988) . GerBC shows 35 YO identity with its homologue, and 58 YO conservative substitution.
Upstream of the erBA translational start is a potential binding site for $, the sigma factor which directs gene expression in the forespore after engulfment by the mother cell (Fajardo-Cavazos e t al., 1991). This may indicate a further degree of homology between the two gene clusters, as thegerA operon is a known member of the oG regulon (Feavers etal., 1990) . Between bases 10 and 20 of this sequence is the -35 region for ORFX, a putative gene in the opposite orientation to gerB in the upstream sequence (Margot, 1992) . ORFX lies adjacent to htD (glucosaminidase) which in turn is adjacent to the tagABC operon (Margot, 1992) .
Localization of the gerB alleles
Strains carrying gerB alleles were transformed with integrative plasmids carrying regions of the putative gerB operon. Three subclones were used: A carried most of gerBA, and the upstream region; B carried an overlap between gerBA and gerBB; and C carried an overlap between gerBB and gerBC. The results of the integrations are shown in Fig. 5 . The integration of subclone C into wild-type gives a TZMW (Ger-) phenotype. This indicates that the gerBC product must be required for germination. This result for subclone C is an argument for operon structure. There is a complete copy of thegerBC ORF on the chromosome after the integration event, but a Gerphenotype is obtained. Therefore the ORF must be separated from its promoter by at least the 250 bp which are present between the start of the subclone and the start . 
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Fig . 2. Nucleotide sequence of the gerB region. The sequence of 3829 bp is derived from subclones shown in Fig. 1 . There are three large ORFs which are shown below the sequence, each with a potential ribosome-binding site which is underlined. The operon also has a potential EaG-type promoter upstream of ORF 1, which is double-underlined. There is no obvious terminator after ORF 3.
of the ORF. The integration of subclone B into the wildtype gave a Ger' phenotype. This result may be misleading, as there is a possibility of readthrough from a plasmid-borne promoter with the vector, pMTL20EC, which may have yielded sufficient gene product to give the Ger' phenotype. This would not affect the result with C, as the ORF and plasmid are in the opposite relative orientation in this construct. A plasmid construct was made with DNA from subclone B cloned in the same vector in the opposite orientation. When integrated into strain 1604 this plasmid gave a Ger' phenotype, which is a further argument for operon structure. Whilst readthrough from a plasmid promoter at sporulation may only give a low level of expression, this may be sufficient. The level ofgerA expression is known to be low (Feavers etal., 1990) and multiple promoterless copies ofgerA ORFs are sufficient to complement gerA mutations (Zuberi e t al., 1985) .
The pattern of results for plasmid integration into the mutant strains provides information as to the locations of thegerB alleles. The data show that thegerB70, -72 and -74 alleles all lie ingerBA as they are all corrected by subclone A, which only carries DNA from thegerBA region, but the alleles have distinct locations within the ORF as gerB90 and -74 are corrected by subclone B, which overlaps this region. AsgerB78 is not corrected by A but is corrected by B it can be deduced that the lesion lies in the last 50 codons ofgerBA or in the first 296 codons of gerBB. Hence gerBA and gerBC have been shown to be required for AGFK germination, and it seems likely that gerBB, too, is necessary.
DISCUSSION
The sequence of the gerB spore germination operon has been elucidated and has revealed that gerB is a homologue of the gerA operon. In addition spo V A F , the sixth ORF in the qaVA operon (Fort & Errington, 1985) , has a lower degree of homology with thegerBA/gerAA group. FurthermoregerK, mutations in which cause a defect in the AGFK response, has been shown to encode a further homologue of the GerAC/GerBC group (R. Irie, unpublished) . GerK is more closely related to GerBC than to GerAC, but is not as close to either as they are to each other (B. Corfe, unpublished). Hence a family of proteins has now been identified, mostly involved in spore germination and produced in the forespore. Mutations affecting germination have been mapped in all three ORFs of thegerA operon and in at least two of thegerB operon (see Fig. 5 ), demonstrating the requirement of all these proteins for normal germination.
The highly conserved hydrophobic region in the GerAA/ GerBA group probably indicates a region of functional importance. It is unlikely that this indicates a recent evolutionary divergence as the rest of the homology shows more divergence in both the hydrophobic and hydrophilic domains. Furthermore such a high level of identity between two hydrophobic domains that have not l.:.::::.:lllll:llll:.:l I I I . l l l l l : l . l . l : : l l l . l l 198 KSVNIDNLPESGTLEQLIEDEPFSIFPTILSTERPDRVESSLLEGRVSIL 247 246 VDSSPFVLLVPVSLGILMQSPDDYYERWISASLIRSLRFASIFITLFLSS 295 l l : . l l . l : l l . . : :
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GerAB 1 .:.::::: . . I l : . l l : . : : . l :.. : : I l l I Fig. 4 . Hydroplots of the GerBA and GerBB proteins. The y-axis shows increasing hydrophobicity, with the mean hydrophobicity for a large number of proteins represented by a horizontal line; the scale is from -4 to +4, according to the algorithm of Kyte & Doolittle (1982) . Markers on the x-axes are a t every 50 residues. The plots were calculated using a window size of 21. (a) The GerBA profile indicates an N-terminal hydrophilic domain, with possibly seven mernbrane-spanning hydrophobic segments and a smaller hydrophilic C-terminus. This pattern is similar to that found in GerAA. (b) The GerBB profile is highly hydrophobic, and is also very similar t o its GerA counterpart. The pattern may suggest 10 or 11 transmembrane regions.
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recently diverged is uncommon. This argues that this region of the protein must be particularly important in the function of the protein. As yet no possible functions have been individually assigned to any of the GerA/GerB proteins.
There are significant genetical and physiological differences between the ALA and AGFK germination responses. The germinant requirement is very different : fig. 3 . Gap comparisons of the GerA and GerB proteins. The scores for percentage identity and conservative substitution for the pairs of proteins are as follows: 42/66 for GerAA vs GerBA (a); 31/60 for GerAB vs GerBB (b); 35/58 for GerAC vs GerBC (c). The most highly conserved region of the GerANGerBA pair is the hydrophobic domain between residues 200 and 400. This pattern of conservation is absent in GerAB and GerBB, which are predominantly hydrophobic proteins. The GerAC and GerBC proteins have homology to the prokaryotic lipoprotein attachment motif (underlined). Solid lines represent identical residues, double dots represent strongly conservative substitutions, and single dots represent weakly conservative substitutions. ALA (+GLU +FRU) ASN+ FRU + GLU L Germination Fig. 6 . Model for germinant receptors in the spore. The square boxes are ger-encoded proteins. The GerA-based receptor will respond to ALA alone, but the response will be improved by the presence of GLU and FRU stimulating the response via the appropriate gene products (which may be encoded by gerD and gerK). In the GerB-based receptor the additional gene products and germinants are obligatory for germination.
IP
the ALA response depends upon a single amino acid as germinant (which is thought not to be metabolized, as non-metabolizable analogues of alanine will also trigger germination: Sammons e t al., l98l), and the response is not affected by metabolic inhibitors. Mutations in gerA are the only ones known to specifically block the ALA response without affecting the AGFK response. In contrast a complex set of germinants is required for the AGFK response, the response is inhibited by sodium azide (Venkatasubramanian & Johnstone, 1989 ) and mutants of gerB and gerK are specifically blocked in the response.
ThegerA products appear to form a complete receptor/ trigger unit in their own right, as thegerA operon is the only known operon in which mutation results in failure of spores to respond specifically to alanine. The gerB region encodes homologues of the complete ALA receptor/ trigger mechanism, yet cannot trigger germination in the absence of the gerD and gerK gene products and further germinants. Spores of null mutants of gerA respond weakly to ALA with the GFK adjuncts, and this is dependent upon (at least) thegerB andgerK gene products (McCann, 1989) . As GerK and GerD have been tentatively assigned the roles of glucose and fructose receptors respectively, it can be suggested that gerB encodes the ASN receptor which may also act as the secondary ALA receptor proposed by Sammons e t al. (1981) . The demonstration that gerB is a homologue of the probable principal ALA receptor/trigger reinforces this argument.
It is not obvious why the gerB products cannot stimulate germination in their own light. It now seems likely that ALA and AGFK germination occur by a more similar mechanism than could previously have been suggested on the basis of genetical and physiological evidence and it is therefore proposed that there are two similar types of germinant receptors in the spore. One may involve GLU and FRU receptors which are facultatively required to improve the response to ALA alone mediated by thegerA gene products. The other could have the GLU and FRU receptors working in obligate conjunction with an amino acid receptor, which is less fastidious than the ALA receptor and encoded by gerB. This model is summarized in Fig. 6 . Whilst this model is novel in terms of the spatial arrangement and interactions between germination proteins that it implies, the mechanisms by which the germination apparatus function are still unknown and are the subject of our continuing enquiry,
